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Abstract: This paper deals with the control of a mobile manipulator to be used in cooperative tasks. The structure of the mobile
manipulator was obtained via structural synthesis for a specific task and environment. First, geometric and kinematics
models are obtained. After that, and through this paper, the aim is to successfully achieve the locomotion of the
mobile  manipulator  while  ensuring  its  static  and  dynamic  stabilities.  The  control  of  the  mobile  manipulator  is
performed  by exploiting  a  hybrid  force-position  control  law.  The  proposed  approach  is  then  validated  through
advanced simulations. 

1 INTRODUCTION

The  existing  robotic  solutions  are  efficient  for
intensive production and work in wide areas, but do not
provide  reconfigurability  and  modularity  possibilities,
which are important features in different fields, including
industrial tasks (factory of the future and Industry 4.0)
and  agricultural  contexts  (Bournigal  et  al.,  2015).
Therefore, in the DC2M3 project (Design and Control of
Collaborative  Modular  Mobile  Manipulators),  we  are
interested in the use of multiple mobile manipulators to
collaboratively achieve  a  production task.  This  project
presents a continuity of a previous project C3Bots (Hichri
et  al.,  2014) that  dealt  with payload transport.  In  fact,
using  modular  robots  instead  of  a  unique  robot  to
perform a task enhances the performances, reduces the
task time, reduces the required space to perform the task
and makes the robots  easily reconfigurable to perform
another  task.  More  specifically  for  agriculture,  using
several small robots instead of a single heavy machine
limits  the  soil  compaction  and  reduces  environment
pollution.  Previous  analysis  of  collaborative  robots
(Chebab et al., 2015) observed that most of the existent
solutions  for  mobile  manipulators  are  the  result  of
mounting a robotic arm on a mobile platform. With this
method  of  assembly,  the  performances  of  Mobile
Manipulators  (MMs)  on  performing  cooperative  tasks
will  be  limited  due  to  a  lack  of  a  prior  study of  the
constraints  on  the  mechanical  structure  of  the  robot.
These constraints are mostly made by the environment
and the performed task. Based on these conclusions, a
new way of designing MMs was developped (Chebab et
al.,  2016),  where  we  proposed  a  structural  synthesis

approach  based  on  structural  parameters  (connectivity,
mobility, redundancy and degree of overconstraint). This
method resulted in multiple possible solutions for MMs.
The  next  step  is  to  perform  advanced  selection
processing to select the optimal configuration for a given
task  and  environment.  One of  the  ways  to  ensure  the
compatibility  of  the  proposed  solutions  of  MMs is  to
ensure that  they are possible to stabilize statically and
dynamically  while  performing  the  locomotion  on  a
regular ground. 

In  this  paper,  we  begin  with  one  of  the  possible
solutions for  MMs that  was issued from the structural
synthesis  method  and  apply  a  hybrid  position-force
control method to control its stability. First, we present
the  methods  used  to  model  the  presented  solution  by
identifying the frames used to elaborate geometric and
kinematic models. Next, we present the control strategies
used to stabilize the robot (static and dynamic stabilities)
and  the  hybrid  force-position  control  law.  Advanced
simulations are presented next to show the model and the
coupling done with Simulink and Adams followed with
the results of simulations.

2 STRUCTURAL SYNTHESIS OF THE 
MOBILE MANIPULATOR

As stated before,  the idea of the DC2M3 project is  the
design  of  multiple  MMs  that  can  achieve  tasks  in  a
cooperative way. In general, each MM , called m-bot, is
built  of  a  mobile  base  connected  to  the  ground  with
locomotion  chain  and  associated  with  a  manipulation
chain and a connection chain. The association of the m-
bots gives the p-bot, which is also a mobile manipulator

P a g e  | 1

mailto:Zine-Elabidine.Chebab@sigma-clermont.fr
mailto:Laurent.Sabourin@sigma-clermont.fr
mailto:Youcef.Merouar@sigma-clermont.fr
mailto:Youcef.Merouar@sigma-clermont.fr
mailto:Jean-Christophe.Fauroux@sigma-clermont.fr
mailto:Nicolas.Bouton@sigma-clermont.fr


MCG 2016 – Vichy, France, October 5-6th, 2016

(Chebab et al., 2016).  This method gave an important
number  of  possible  solutions.  In  this  paper,  and  for
demonstration  purposes,  the  used  model  is  the  one
presented in Figure 2, while other possible architectures
are being studied. 

This m-bot has two locomotion chains (two wheels)
and one manipulation chain with 3 Degrees of Freedom
(DoF) while the connection chain is absent. The wanted
task for this m-bot is the free locomotion on a regular
ground with the possibility of picking a payload from the
ground.  This  architecture  verifies  the  constraints  on
structural  parameters:  Connectivity:  ,  mobility:

,  redundancy  :  ,  degree  of
overconstraint: . These parameters are calculated
using Gogu's formulae (Gogu, 2008).

After  defining the  structure  of  the  m-bot,  the  next
step is to evaluate its geometric and kinematic models.

3 MODELING  OF  THE  MOBILE
MANIPULATOR

3.1 Principle

In order to describe the position and orientation of the
end-effector in the global frame, the modeling of the m-
bot is needed. To do so, the notations used in this paper
are listed below: 

  is the frame attached to the
ground,
  is the m-bot frame,
  is the axle frame,
  is  the  end-effector
frame,
 : Wheels of the m-bot,
 Link 1: Axle of the m-bot,
 Link  2,  Link  3,  Link  4:  Links  of  the
manipulation chain, 
 :  Center  of  the  end-effector  of  the
manipulation chain,

 : Center of Mass (CoM) of the m-bot,
 : Projection of the CoM on the plan,

  : Wheels radius,
  : Wheelbase,
 : Length of the axle,
 : Tilt angle of the axle of the m-bot, 
 :  Rotations  of  the  links  of  the
manipulation chain,
  :  Contact  points  with  the
ground of ,  and end-effector respectively,
 :  Contact  forces  with  the

ground  of  ,   and  end-effector
respectively,

 : Weight of the robot, with 
its mass and  the gravitational acceleration

After defining all the notations, the next step is to 
calculate both geometric and kinematic models.

3.2 Geometric models of the manipulation  
 chain

The  aim  of  the  geometric  modeling  is  to  present  the
coordinates of point :  in the global
frame  .  It  is  supposed  that  .  The
transformation  matrix   that  describes  the  passage
from the ground frame  to the frame  is given by:

In order to obtain the transformation matrix between
 to ,  the modified Denavit-Hartenberg convention

is used (Khalil et Dombre, 2004). The D-H convention
gives the end-effector position (point  ) in function of
each joint variables ( ). The intermediate frames
and the corresponding D-H table of parameters is given
in  Figure  3.  Through  this  method,  we  obtain  the
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Figure 1 :  Kinematic graph of the construction

 of the poly-robot  

Figure 2 :  A CAD view of the selected m-bot 

x
B

y
B z

B

x
Oy

O

z
O

Ox
Gy

G

z
G

R
G

x
B

y
B

z
B

B

H

W
a

W
b

Link 1
Link 2

Link 3

Link 4



MCG 2016 – Vichy, France, October 5-6th, 2016

geometric model of the manipulator represented on the
frame  , that is given by:

with: 

                                                                

Finally:

This  geometric  model  permits  to  control  the
position of the end-effector.  However,  in order to
perform  a  hybrid  force-position  control,  the
Jacobian  matrix  is  needed,  where  
and 

3.3 Kinematic model of the locomotion chain

Kinematic  modeling  is  used  to  control  the  mobile
platform in the second phase of the control strategy.  The
aim is to move the robot from its initial position 
to the final position   while ensuring static and
dynamic stabilities of the robot. The mobile platform is
controlled  using  kinematic  model  by assuming rolling
without slipping wheel/ground grip condition (Lee et al.,
2013).  The kinematic model of  the mobile  platform is
the relation between the rotation speed of the wheels (
 for  the  right  wheel  and   for  the  left  one)  and  the
translational and rotational speed of the point B (  and

).  Therefore,  the  kinematic  model  of  the  mobile
platform is given by:

After modeling the m-bot, the control can be done 
using the obtained models. For this paper, the kinematic 
model won't be used and only geometric models will be 
used to stabilize the position of the end-effector to have 
the best static and dynamic stabilities.

 
4 CONTROL STRATEGIES

4.1 Principle of the control laws

The aim of the control strategies is to perform the
task while ensuring the robot's static and dynamic
stabilities.  In  this  paper,  only  the  case  of  stable
manipulation is considered. 

In the first phase, the study of the static stability of
the m-bot  is  considered (Figure  4-a).  In  this  case,  the
wheels  are  locked  and  only the  manipulation chain is
able to perform movements in order to get to the optimal
position  of  the  end-effector  for  the  static  stability.  To
reach this aim, the end-effector is considered to be used
as a third wheel in this paper. For this purpose, the Static
Stability Margin  is  used  (SSM) (McGhee  et  al.,  1968).
The  computing  of  the  SSM  begins  by  defining  the
support polygon that connects the contact points of the
m-bots with the ground < CWa, CWb, CH >. The SSM is the
minimal distance between G' (the projection of the CoM
on  ) and the support polygon. The goal of the
control law is to maximize this criteria which makes the
m-bot the most stable as possible.

Afterwards, and to ensure dynamic stability (Figure
4-b),  the  weight  of  the  m-bot  is  divided  between  the
contact points, which leads to control the force on the
end-effector, computed by: 

     (1)

This study of static and dynamic stability is used to
develop the proper control laws to be implemented on a
multibody  3D  model  of  the  m-bot  via  coupling  with
Simulink.

4.2 Control laws

The  first  phase  of  the  control  scheme  consists  on
stabilizing  the  m-bot  both  statically  and  dynamically.
The  proposed  hybrid  force-position  control  law  that
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Figure 3: Modeling of the manipulation chain and its table of 
D-H parameters

Figure 4 :  Stability study of the mobile manipulator: a- Static 
stability, b- Dynamic stability
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ensures the aim of this control scheme is presented in
Figure 5.

In  a  hybrid  force-position  control  law  (Khalil  et
Dombre, 2004), the torques applied to the actuators are
calculated through the means of force by using the static
model of the manipulator that is given by:

                                                      (2)

 is the vector of torques controlling
the  rotations  of  the  manipulations  chain  
respectively.  The applied force vector   is the sum of
two forces: , where  is the force resulted
from the position control (PC) law and   is the force
issued from the force control (FC) law. 

Force control and position control can't be done on
the same joint, this is why selection matrix  and  are
introduced, which will permit us to select the coordinates
that will be controlled in position and the ones controlled
in force. In the proposed control, the  and  coordinates
are  controlled  in  position  while  the   coordinate  is
controlled in force, therefore:

Consequently,  and 

4.2.1 Position control law – PC

We note the cartesian position error .
For the position control, a second order dynamic to the
error is imposed without an integrator term, therefore:

                   (3)    

In  this  case,   because   and  knowing
that from the static model of the manipulator ,
the position control law PC is:

                        (4)

4.2.2 Force control law - FC

The  force  control  law  is  intended  to  control  the
contact  force  of  the  end-effector

 and  the  desired  force
 is  calculated  from  equation  1.

Consequently,  the force error  .  For this
error, a first order dynamic is imposed with:

                  (5)
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Figure 6: Coupling simulation between Simulink and Adams

Figure 5 : Hybrid force-position controller
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With   and  , the force
control law is equal to:
                           (6)

The gains ,  and  will be subject to tuning to
get their optimal values. And with the two control laws
calculated,  the  next  step  is  to  implement  them  on
Simulink  with  the  coupling  with  the  Adams  model,
which is done in the next section.

5 ADVANCED SIMULATIONS

5.1 Principle 

Once the control  laws are set,  their  validation is done
with the association of Simulink and Adams. The control
schemes are represented in Simulink and  a multibody
model  is  made  on  Adams  (Figure  6).  This  coupling
simulation  will  permit  us  to  have  a  visual  on  the
behavior  of  the  robot  and prevent  us  from calculating
difficult dynamic models of the robot.

5.2 Results

In this control scheme, we want to control the end-
effector to be on constant contact with the ground and
maximizing  the  static  stability  margin,  therefore  the
command  vectors  are   and

.  The  sequence  of  the  simulation  is
shown in Figure 7 while the position of the point H and
the contact forces are presented in Figure 8. 

The start  position of the simulation is presented in
Figure  7-1.  Under  the  effect  of  gravitation  and  the
control  law,  the  m-bot  makes a  third contact  with the
ground in time  as shown in Figure 7-2. This
contact is shown in Figure 8-a in the contact force with
the  ground  of  the  contact  sphere   that  was  null
before  this  moment.  This  contact  force  weakeners  the

contact forces on both wheels  and   and for
the   coordinate of the end-effector is stabilized around

 which  is  the  requested  position.  The  next
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Figure 7: Simulation sequence
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4 - End

Figure 8 : Results of the simulation: a- Contact forces, b- Position of point H
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step of the simulation after reaching the desired contact
force  on  the  sphere  ( )  is  reaching  the
required position in order to get to the optimal stability
margin.  The  sequence  continue  until  the  end  and
reaching the desired position .

6 CONCLUSIONS

This work permitted to control a compact mobile 
robot capable to move on a regular ground. The compact 
footprint of the mobile robot, similar to the footprint of a
human operator, and the low number of contacts that 
helps decrease the damage for crops, required a specific 
control method. The stability was statically and 
dynamically studied and the control was done based on a
hybrid position-force control strategy. The 3D Adams 
multibody dynamic software coupled with Simulink was 
used to validate the control law. This work is a preamble 
for the control of multiple mobile manipulators to 
perform a cooperative task, either in industry or 
agriculture fields.

ACKNOWLEDGEMENTS

This project acknowledges the financial support of the 
following entities: LabEx IMobS3 Innovative Mobility: 
Smart and Sustainable Solutions, The French National 
Centre for Scientific Research (CNRS), Auvergne 
Regional Council and The European funds of regional 
development (FEDER).

REFERENCES

Bournigal, J.M., Houllier, F., Lecouvey, P., Pringuet, P., 2015. 
30 projets pour une agriculture compétitive & respectueuse 
de l’environnement, Technical report, Priority 1, ROB Axis, 
Rob 1 project.

Hichri, B., Fauroux, J. C., Adouane, L., Mezouar, Y., & 
Doroftei, I., 2014. Design of collaborative cross and carry 
mobile robots C3Bots. Adv Mater Res,837, 588-593. 

Chebab, Z. E., Fauroux, J. C., Bouton, N.,  Mezouar, Y., 
Sabourin, L., 2015. Autonomous Collaborative Mobile 
Manipulators: State of the Art, Proceedings of TrC-
IFToMM Symposium on Theory of Machines and 
Mechanisms (UMTS / TrISToMM 2015), Izmir, 8p.

Chebab, Z. E., Fauroux, J. C., Gogu, G., Bouton, N., Sabourin, 
L., Mezouar, Y., 2016. A Method for Structural Synthesis of 
Cooperative Mobile Manipulators, accepted to The Joint 
International Conference on Mechanisms and Mechanical 
Transmissions and the Conference on Robotics (MTM & 
Robotics 2016). Aachen, 8p.

Gogu, G., 2008). Structural synthesis of parallel robots. 
Dordrecht: Springer. 

Khalil, W.,  Dombre, E., 2004. Modeling, identification and 
control of robots. Butterworth-Heinemann. 

Lee, G. H., & Jung, S., 2013. Line tracking control of a two-
wheeled mobile robot using visual feedback. International 
Journal of Advanced Robotic Systems, 10. 

Bouton, N., Lenain, R., Thuilot, B., Fauroux, J. C., 2007. A 
rollover indicator based on the prediction of the load 
transfer in presence of sliding: application to an All Terrain
Vehicle, Proceedings of IEEE International Conference on 
Robotics and Automation (ICRA 2007), Roma, pp. 1158-
1163. 

McGhee, R. B.,  Frank, A. A. (1968). On the stability 
properties of quadruped creeping gaits. Mathematical 
Biosciences, 3, 331-351. 

P a g e  | 6


